We have examined the relationship between diet and lung cancer in a case -control study of 982 cases of lung cancer and 1486 population controls in south-west England in which subjects were interviewed personally about their smoking habits and their consumption of foods and supplements rich in retinol or carotene. Analyses were performed for 15 dietary variables, including intake of preformed retinol and carotene. There were significant associations (P < 0.01) with lung cancer risk for 13 of the variables, eight of which remained after adjustment for smoking. When the 15 variables were considered simultaneously, independent significant associations remained for 5: pre-formed retinol (increased risk), and fish liver oil, vitamin pills, carrots and tomato sauce (decreased risk). It is unlikely that all five associations represent biological effects, or that they can all be explained by residual confounding by smoking, or by biases. We conclude that there is at least one as yet unidentified factor that is causally related to lung cancer risk and of considerable importance in terms of attributable risk in this population.
It is 25 years since Bjelke (1975) reported that the risk of lung cancer might be reduced by a high consumption of vitamin A. Subsequent work soon showed that the inverse association Bjelke had observed was with β-carotene and other provitamin A carotenoids, which can be converted into vitamin A in the body, rather than with retinol, which is pre-formed vitamin A (Peto et al, 1981) . However, the idea that β-carotene was protective proved untenable as dietary supplements failed to produce any beneficial effect in randomized controlled trials (Lee et al, 1995; Cook et al, 2000) , some even suggesting it might be harmful (Alpha-tocopherol Beta Carotene Cancer Prevention Study Group, 1994; Omenn et al, 1996) . Observational studies have continued, however, to show an inverse association between lung cancer and the intake of green and yellow vegetables and carotenoids, which could be due to a beneficial effect of some other chemical (or group of chemicals) in vegetables with which carotenoids are associated. Alternatively the findings might be due (at least in part) to inadequate allowance for smoking, with which dietary habits are to some extent confounded.
We report here the findings of a study in which the latter possibility could be tested in unusual detail. The study was carried out in south-west England to quantify the effects on the risk of lung cancer of exposure to radon in the home (Darby et al, 1998) . For this purpose it was essential to be able to allow for the effects of different smoking habits and it seemed also desirable to be able to allow for any effects of dietary retinol and carotene; detailed personal histories of all three were therefore obtained.
METHODS

Study subjects
At each of the 5 centres in Devon and Cornwall where treatment of lung cancer is carried out, research assistants sought, over a 4-year period during [1988] [1989] [1990] [1991] [1992] [1993] , to interview all long-term residents of the area who were aged less than 75 years, were ethnically white, and who were referred with a suspected diagnosis of lung cancer. For each interviewed subject with suspected lung cancer, a population control subject was also interviewed. Controls were randomly selected either from lists of the local Family Health Services Authority or from electoral rolls, and were frequency matched for age, sex and broad area of residence to the patients with suspected lung cancer. Following the interview the final diagnosis of all those with suspected lung cancer was sought. Those who did not, in fact, have lung cancer were excluded from the analysis. The final number of subjects in the analysis was 2468, comprising 982 subjects with cancer of the trachea, bronchus or lung (International Classification of Diseases, 9th revision, code 162 (World Health Organization, 1975) , but excluding carcinoids) and 1486 controls (see Table 1 ). 33% of subjects were female. The proportion of eligible subjects who were not eventually included in the study was 12% among cases and 21% among controls. Further details are given elsewhere (Darby et al, 1998; Peto et al, 2000) . The original study included hospital as well as population controls. The hospital controls were selected from patients whose current admission was for a disease thought not to be related to smoking. However, a number of them had diseases that might either be caused by diet or cause a change in diet. The hospital control group was therefore not used for the main analyses of diet and lung cancer.
Diet, smoking and lung cancer: a case-control study of 1000 cases and 1500 controls in South-West England Those who had never smoked as much as one cigarette per day for as long as a year, or smoked cigars or a pipe regularly for as long as a year, and who had smoked less in total than 500 cigarettes, 100 cigars or 20 oz of pipe tobacco. Ex-smokers are those who had stopped smoking by the onset of their illness (lung cancers) or by the date of their interview (controls). c Current pipe or cigar smokers who did not smoke cigarettes and occasional smokers, i.e. those who were not lifelong non-smokers but had never smoked as much as one cigarette per day or cigars/pipe for as long as a year. The number of males with lung cancer who were lifelong non-smokers is atypically low and should not be used to estimate relative risk. See Peto et al (2000) for further details.
Information on diet and other factors
The questionnaire for this study was drawn up in the late 1980s. At that time it was thought that there might be a causal relation between intake of vitamin A (either retinol or β-carotene) and risk of lung cancer, with increased intake reducing the risk. Therefore a questionnaire was devised to ascertain the frequency with which foods containing these nutrients were eaten using a 7-point scale (never, a few times a year, about monthly, about weekly, a few times a week, about daily, a few times a day). Where appropriate, separate questions were asked about winter and summer consumption. To avoid bias caused by recent illness among subjects with lung cancer, questions were specifically asked about consumption levels one year before the interview. Questions were also asked about the time periods during which 'vitamin pills' or fish liver oil (a rich source of retinol), in either liquid or capsule form, had been taken regularly. A copy of the dietary questionnaire is available on request. This questionnaire was not validated directly, but it was similar in design to the questionnaire used in a previous study in a similar English population for which the correlation between estimated carotene intake and serum β-carotene in 55 non-smokers was +0.33 (Harris et al, 1991) .
Using the questionnaire data together with standard protion sizes (Ministry of Agriculture, Fisheries and Food, 1993) and information on the composition of foods (Holland et al, 1991) , estimates were made of the daily intake of 5 nutrients or proxies for nutrients: pre-formed retinol, carotene (as β-carotene equivalents (Holland et al, 1991) ), 'all vegetables', green vegetables (as a proxy measure for lutein), and tomatoes (as a proxy measure for lycopene). Subjects were divided into quartiles for each of these 5 measures except for 'green vegetables', which over 60% of subjects reported eating a few times per week. For 'green vegetables', therefore, the subjects were divided into 4 intake groups such that the smallest group had as many subjects as possible. For the analyses of diet and lung cancer risk, an a priori decision was made to examine the results for estimated intake of the 5 nutrients or nutrient proxies mentioned above and for 8 individual food frequencies (carrots, butter, cheese, eggs, liver, margarine, milk and tomato sauce) plus vitamin pills and fish liver oil. For the individual food frequencies, subjects were also divided into 4 groups that were as nearly equal in size as possible. Taking 'vitamin pills' or fish liver oil were both assumed to involve consumption of 800 µg of retinol per day (Proprietary Association of Great Britain, 1996) . Results are presented in this paper for all the 15 dietary variables that were examined.
During the interview, subjects were asked about their smoking habits at the onset of the illness that brought them to hospital (lung cancers) or currently (controls). Among the subjects with lung cancer, only 0.4% of males and 7.3% of females were lifelong non-smokers, compared with 19.7% of males and 51.3% of females among the controls (see Table 1 ). Subjects were also asked about their residential and occupational histories, exposure to radiotherapy and county of birth. Based on current or last job (husband's current or last job for married women) subjects were classified into 3 social class groupings: I & II, III manual and nonmanual, IV & V (Office of Population Censuses and Surveys, 1980) . In addition the average residential radon exposure during the 30-year period ending 5 years before the interview was estimated for all subjects, using direct measurements wherever possible. Further details are given elsewhere (Darby et al, 1998) .
Method of analysis
Associations between dietary measures and lung cancer risk were studied using the Stata statistical package (StataCorp, 1997) . Relative risks were estimated by the maximum likelihood estimate of the odds ratio, based on unconditional logistic regression. Significance levels were based on the likelihood ratio test and are 2-sided, and confidence intervals were based on standard errors. Tests for trend are based on the grouped data, using the groups presented below with quantitative values 1, 2, 3, . . . etc. assigned to the groups. The analyses reported in Table 2 were repeated (i) using a finer adjustment for smoking (16 categories rather than 7), and (ii) including terms for residential radon, county district of current residence, work in a job incurring a potential lung cancer risk, exposure to radiotherapy, and birth in Devon or Cornwall. Neither of these changes made any material difference to the results.
RESULTS
Nutrients
After adjusting for age and sex there was a significant positive association between risk of lung cancer and intake of pre-formed retinol (P < 0.001). Subjects in the highest quartile of retinol intake had a relative risk (RR) of lung cancer of 1.63 (95% confidence interval (CI): 1.29, 2.05) compared with subjects in the lowest quartile (see Table 2 ). When adjustment was also made for smoking status the RR was altered only slightly, to 1.61 (95% CI: 1.24, 2.10), and the association remained significant (P = 0.003). For carotene there was a significant negative association with lung cancer when adjustment was made only for age and sex (P < 0.001) and subjects in the highest intake quartile had RR 0.56 (95% CI: 0.45, 0.71) compared to subjects in the lowest quartile. However, after adjustment also for smoking, the significance level became much less extreme (P = 0.06) and the RRs closer to unity, being 0.74 (95% CI 0.56, 0.96) for the highest intake quartile. For all vegetables the results were similar to those for carotene in that when adjustment was made only for age and sex there was a highly significant negative association with lung cancer (P = 0.002) and the RR for those in the highest intake quartile was considerably less than one (0.63, 95% CI: 0.50, 0.80). However, when adjustment was also made for smoking, the trend was no longer significant (P = 0.75) and the RR of those in the highest intake quartile was much closer to unity (0.90, (95% CI 0.69, 1.17)). For green vegetables there was little evidence of an association regardless of the method of adjustment. For tomatoes there was a significant negative association with lung cancer when adjustment was made only for age and sex (P < 0.001) and subjects in the highest intake quartile had RR 0.59 (95% CI: 0.47, 0.75) compared to subjects in the lowest quartile. When adjustment was also made for smoking, the significance level of the trend became somewhat less extreme (P = 0.01) and the RR for subjects with the highest intake increased to 0.74 (95% CI 0.57, 0.96).
Individual foods and supplements
Among the individual foods/supplements, there were negative associations for carrots, margarine, tomato sauce, vitamin pills and fish liver oil which remained statistically significant (P < 0.001, P = 0.001, P = 0.001, P = 0.02, and P < 0.001 respectively) after Table 2 ). For carrots, margarine and tomato sauce respectively, those in the highest intake category had RRs of 0.49 (95% CI 0.31, 0.78), 0.67 (95% CI 0.52, 0.85), and 0.69 (95% CI 0.55, 0.87) compared with those in the lowest category, while subjects who took vitamin pills or fish liver oil had RRs of 0.67 (95% CI 0.47, 0.94) and 0.60 (95% CI 0.46, 0.79) compared with those who did not. There were positive associations for butter, eggs, liver, and milk which remained statistically significant after adjusting for smoking status (P < 0.001, P = 0.02, P = 0.002, and P = 0.003 respectively). Those in the highest intake category had RRs of 1.44 (95% CI 1.16, 1.80), 1.53 (95% CI 1.02, 2.31), 1.68 (95% CI 1.29, 2.19) and 2.10 (95% CI 1.13, 3.89) respectively compared with those in the lowest category. For cheese there was no evidence of an association with lung cancer risk. The analysis for milk was repeated considering whole milk and skimmed milk separately and this showed that whole milk was associated with a significant increase in risk (RRs: 1.00, 1.00, 1.24, 2.64; P = 0.005), whereas skimmed milk was not (RRs: 1.00, 0.73, 0.83, 0.82; P = 0.91).
Social class
After adjustment for age, sex and smoking, the relative risk of lung cancer among individuals in social class III compared with social classes IV and V was 1.05 (95% CI 0.84, 1.32) while for social classes I and II it was 0.66 (95% CI 0.51, 0.86). These values did not change appreciably when adjustment was made for all 15 dietary variables simultaneously. In order to see whether the dietary differences found above could be explained in terms of social class, the analysis shown in Table 2 was repeated for each dietary variable but including social class as well as age, sex and smoking habits in the model. For most variables the evidence of an association was little changed. However, for carotene, tomatoes and vitamin pills the significance level of the trend became appreciably less extreme, changing from P = 0.06, 0.01, and 0.02 to P = 0.12, 0.06, and 0.05.
All dietary variables considered simultaneously
In the analyses described above, each nutrient, food, or supplement was considered separately. When the analysis shown in Table 2 was repeated including all the dietary variables, as well as adjusting for age, sex, smoking, and social class, five dietary variables remained significantly (P < 0.01) associated with lung cancer risk (see Table 3 ). Pre-formed retinol was positively associated with lung cancer risk (P = 0.0006) and the RR for subjects in the highest intake quartile was 2.89 (95% CI 1.38, 6.03) compared with subjects in the lowest quartile. Fish liver oil (P = 0.0001), vitamin pills (P = 0.0006), carrots (P = 0.0066) and tomato sauce (P = 0.0096) were negatively associated with lung cancer and takers of fish liver oil and vitamin pills had RRs of 0.49 (95% CI 0.33, 0.71) and 0.56 (95% CI 0.36, 0.88) respectively compared with non-takers, while the highest intake categories of carrot and tomato sauce consumption had RRs of 0.60 (95% CI 0.33, 1.08) and 0.74 (95% CI 0.56, 0.98) respectively, compared with subjects in the lowest categories. When this analysis was repeated omitting the 542 subjects who were takers of fish liver oil or vitamin pills one year before the interview, pre-formed retinol remained significantly positively (P = 0.0003) and carrots remained significantly negatively (P = 0.009) associated with lung cancer risk, while for tomato sauce the significance of the association with lung cancer risk was reduced (P = 0.034), and none of the other dietary variables was significantly associated with lung cancer risk at the 1% level. When takers of fish liver oil or vitamin pills were considered on their own, none of the associations with the other dietary variables reached statistical significance at the 1% level.
Duration of consumption of vitamin pills and fish liver oil
In order to investigate further the decrease in lung cancer risk associated with taking fish liver oil, subjects who had taken it at any time during the 10 years prior to interview were classified into 4 groups according to the length of time that they had taken it. After adjusting for age, sex, smoking, social class and the other dietary variables, subjects who had taken fish liver oil for 1-2, 3-4, 5-9 and 10 years respectively had RRs of 0.58, 0.70, 0.52, and 0.48 compared with subjects who had never taken it in the previous 10 years (P for trend = 0.007, see Table 4 ). When the analysis was repeated excluding the subjects who had not taken fish liver oil in the previous 10 years, the trend in RR with the number of years that fish liver oil had been taken was no longer significant (P = 0.42), although subjects in the two longest duration categories had lower risks than those in the two shortest duration categories (see Table 4 ). An equivalent analysis for vitamin pills showed no evidence of a trend with increasing duration of consumption (see Table 4 ).
DISCUSSION
In agreement with almost all previous observational studies (Ziegler et al, 1996; Department of Health, 1998) , we observed moderate but highly statistically significant negative associations between several carotenoid rich foods and lung cancer risk, which were reduced but not eliminated by adjustment for smoking. We also observed an increased risk of lung cancer associated with retinol rich foods as found in some, but not all, previous studies (Ziegler et al, 1996; Department of Health, 1998; Willett, 1998) . The principal issue is whether the results imply that certain foods reduce or increase the risk of lung cancer, or are they artefact?
The information provided by this study is determined by its size, the accuracy of the dietary assessment, the participation rates among cases and controls, their representativeness of the underlying population, and the effectiveness of the statistical adjustment for smoking. The study was large, giving high power to detect moderate associations of dietary factors with lung cancer risk and the associations reported cannot all be attributed to chance.
The questionnaire on vitamin A intake was not itself validated but was similar to a validated questionnaire used previously in a similar English population (Harris et al, 1991) . Most other food frequency questionnaires designed to assess carotene intake have shown similar moderate correlations with serum carotenoids (Willett and Lenart, 1998) , and it is likely that the errors in assessing intake of carotene and related foods are largely random and will therefore cause underestimation of true associations, rather than introduce spurious associations.
In this study, cases were individuals with newly diagnosed lung cancer identified by surveillance of all the hospitals responsible for the treatment of lung cancer in a geographically isolated area and, after matching for age, sex and broad area of residence, controls were selected at random from population lists that were essentially complete. Thus cases and controls were both drawn from the same Table 3 Relative risk of lung cancer by categories of food frequency based on usual habits one year before interview. All the nutrients, foods and supplements shown in Table 2 were included simultaneously in the regression and the variables shown below were the only ones for which there was a significant (P< 0.01) trend underlying population. The proportion of eligible cases who were not eventually included in the study was 12% and the most common reason for exclusion was because they were too ill or had died (Darby et al, 1998) , which is unlikely to be strongly related to their previous diet. The proportion of eligible controls who were not eventually included in the study was 21% and the most common reason for exclusion was subject refusal. It is therefore possible that those who agreed to be interviewed had diets that differed from those who did not. Koo (1997) has suggested that the dietary factors associated with risk in most studies may be markers of a 'health conscious' dietary pattern within the population studied. This has varied somewhat with place and time. For example, in two studies at the Roswell Park Cancer Institute, the first in 1957-1965 and the second in 1982-1987 , the first observed that high milk consumption, which would have been perceived at that time to be 'healthy', was associated with a reduction in risk, whereas the second observed that whole milk intake was associated with an increase in risk whereas low fat milk was associated with a reduction in risk (reviewed by Koo, 1997 ; it should be noted that we also observed an increase in risk associated with increasing consumption of whole milk but not of low fat milk -see above). It is possible that high consumption of carrots and tomato sauce and use of fish liver oil supplements and vitamin pills, and also low consumption of retinol-rich foods (such as liver, butter, eggs and whole milk), as observed in the controls, may be markers of a 'health conscious' lifestyle among elderly men and women in south-west England around 1990, and that individuals with such a lifestyle were more likely to agree to take part in the study as controls than others. We cannot examine this directly, but in 1990 health conscious individuals would have had avoidance of cigarette-smoking as a priority. Some evidence as to the likely magnitude of any such effect is therefore available by comparing the smoking status of the population controls in this study with that of the hospital controls, who comprised individuals admitted for diseases thought not to be related to smoking, and where the proportion of eligible individuals who were not included in the study was only 4% (Darby et al, 1998) . Smoking patterns in the 2 groups were very similar, with only minor differences that were too small to have a material impact on the results. It is also possible that unhealthy patients are biased in their reporting of quantitative food habits compared with healthy controls (Friedenreich et al, 1991; Willett, 1998) . However, it does not seem plausible that such a bias could be sufficient to produce the various differences recorded, although in the absence of objective measurements such biases cannot be wholly excluded.
It is clear that the commonly observed association between carotenoid rich foods and lung cancer risk is partially confounded by smoking, since it is well established that smokers have a lower intake of carotene rich foods than non-smokers (Margetts and Jackson, 1993 ). In the current study, as in most others, adjustment for smoking reduced but did not eliminate the association between lung cancer risk and certain carotene rich foods. Given the imperfect measurement of smoking history in most epidemiological studies, it remains possible that the reported associations with diet could often be partly due to residual confounding by smoking. However, the information collected on smoking in this study was exceptionally detailed, and adjustment for smoking in 16 categories rather than 7 produced no further attenuation of the RRs observed in relation to carotenoid rich foods. There were only 26 subjects with lung cancer in our study who had never smoked, which was too few to provide useful data on diet and lung cancer among never smokers.
Several previous case-control investigations have studied substantial numbers of never smokers and have observed reductions in lung cancer risk in association with high intakes of fruits and vegetables (Brownson et al, 1998; Brennan et al, 2000) . The similar results obtained by these studies of never smokers and studies which included smokers but adjusted for the effect of smoking also suggests that residual confounding by smoking is unlikely to explain the associations. The results of prospective studies have generally supported the conclusion that high intakes of fruits and vegetables are associated with a reduction in the risk for lung cancer, although the results for vegetables are less consistent than those from case-control studies (Department of Health, 1998) . 2 prospective studies which reported on never smokers have only small numbers of lung cancers and are inconclusive (Fraser et al, 1991; Voorrips et al, 2000) .
In our study, even after adjusting for smoking, for social class, and for all the other dietary factors simultaneously, we still observed statistically significant and apparently independent associations of lung cancer risk with pre-formed retinol (increase in risk with increased intake), and with fish liver oil, vitamin pills, carrots, and tomato sauce (decreases in risk with increase in intake). These specific associations have all been observed in at least some previous studies. For example, the recent reports of Nyberg et al (1998) and Speizer et al (1999) described highly significant reductions in risk associated with increasing carrot consumption, perhaps because this food is a good marker for a diet rich in vegetables. Giovannucci (1999) showed that the majority of studies have observed some reduction in risk with increasing tomato consumption, and argued that this might be due to a protective effect of lycopene; it is therefore interesting to note that in our study tomato sauce appeared to be more strongly related to risk than fresh tomatoes, and laboratory studies have shown that the lycopene in tomato sauce is much more easily absorbed than the lycopene in raw tomatoes. A possible protective effect of cod liver oil was previously observed in a prospective study in Norway and it was suggested that this could be due to n-3 fatty acids in fish liver oil (Veierød et al, 1997) . However, the lack of any association in our study between duration of use and lung cancer risk among takers of either fish liver oil or vitamin pills, suggests that these associations are due to confounding rather than causal. Speizer et al (1999) observed reductions in risk associated with use of vitamin supplements but, as in the present study, there was no clear association with increasing duration of use.
The strongest dietary association in the present study was the increase in risk with increasing consumption of retinol. Mayne et al (1991) suggested that dietary retinol might promote carcinogenesis at several sites, while β-carotene and retinol given together in the CARET trial was associated with a 28% (95% CI 4, 57) increase in lung cancer risk (Omenn et al, 1996) . Prospective studies of serum retinol and lung cancer, however, have not suggested that high levels of retinol increase risk (Wald et al, 1980; Willett, 1998) . In the present study, the inverse associations of risk with two rich supplementary sources of retinol (vitamin pills and fish liver oil), as well as the positive association with retinol, suggest that at least some of these associations may be due to confounding, rather than being causal. It is possible that adjustment for fat consumption might remove the retinol association in this population, but such adjustment was not possible given the data collected.
Overall, our results are similar to those of previous observational studies. We now know from the results of the randomized trials that β-carotene itself is unlikely to protect against lung cancer. Whilst some of the associations that we have observed may be causal, it is unlikely that those observed with retinol, fish liver oil, vitamin pills, carrots and tomato sauce are all due to independent biological effects on cancer development because this would require that 5 different nutritional factors each have an independent effect each with a similar order of magnitude of effect. We therefore conclude that there is at least one as yet unidentified factor that is causally related to lung cancer risk and of considerable importance in terms of attributable risk (see Table 3 ). Any such factor, or factors, are probably dietary, although not necessarily so, and would be negatively associated with intake of fish liver oil, vitamin pills, carrots or tomato sauce, or positively associated with intake of retinol in this population.
